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Bonferonni corrections for multiple comparisons were used where
applicable (a¼0.05).
Results: Immediately after i) medial 3cm perturbation (T1), less
transverse plane knee range of motion (ROM) was found compared to
T0 (p¼ 0.028) ii) lateral 1cm and 3cm perturbations (T1) reduced knee
ﬂexion angles at initial contact were found compared to T0 (p&gt0.193).
Other stride effects were found, including i) a reduced peak knee
adduction (KAM) moment after medial 1cm perturbations between T1
and T3 (p¼ 0.006) and lateral 1cm perturbation between T1 and T2
(p¼ 0.034) ii) reduced frontal plane knee ROM between T0 and T3
(p¼ 0.040) for medial 1cm perturbation and iii) less knee ﬂexion ROM
between initial contact and peak ﬂexion during the loading response
between T1 and T2 for both 1cm (p¼ 0.047) and 3cm (p¼ 0.013) lateral
perturbations. Of these differences, peak KAMwas less than 0.04Nm/kg
and knee ROM less than 2".
Conclusions: Few biomechanical alterations immediately after walking
surface perturbations occurred and did not include changes to knee
moments and hip ROM. Changes that did occur immediately were not
evident three strides after perturbation (T3). While few statistically
signiﬁcant results were obtained, changes were not large (&lt3",
0.04Nm/kg) and suggest that individuals with knee OA, from a bio-
mechanical perspective, do not greatly alter walking mechanics in
response to these unknown medial/lateral walkway surface perturba-
tions during stance. Given the importance of muscular control for knee
OA joint function during walking, these small biomechanical alterations
may be mitigated by altered muscle activation, and requires further
investigation.
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THE RELATIONSHIP OF ANKLE AND FOOT KINEMATICS WITH KNEE
LOADING AND FOOT CENTER OF PRESSURE RESPONSES TO A
FLEXIBLE FOOTWEAR INTERVENTION
N. Shakoor, C. Ferrigno, R. Lidtke, M.A. Wimmer, S. Weinberg,
J.A. Block. Rush Med. Coll., Chicago, IL, USA
Purpose: Flexible footwear has been associated with reduction of the
knee adduction moment (KAM), an indicator dynamic medial knee
loading. The mechanisms underlying this reduction, although unclear,
may be in part through medialization of the foot center of pressure
(COP), which has been associated with reduction in the KAM. Likewise,
ankle and foot kinematics likely inﬂuence these relationships. Here, we
evaluate the association of detailed foot kinematics with the response of
knee loading and foot COP to a ﬂexible footwear intervention.
Methods: Participants with symptomatic medial compartment knee OA
(KL 2 and 3) were evaluated at baseline using simultaneous barefoot
COP analyses and 3-D gait analyses which included detailed foot kine-
matic modeling. All participants were provided ﬂexible shoes (Dr.
Comfort Flex-OA, Mequon, WI) and instructed to wear them at least 6
hours/day, 6 days/week. Gait and COP analyses were repeated after 12
and 24 weeks of wearing the shoes. Gait testing consisted of ﬁve trials
each while barefoot, in subjects “own shoe”, and in the ﬂexible shoe.
During barefoot trials, plantar pressure distribution was acquired
simultaneously by mounting a pressure platform onto a force plate and
leveling the stacked assembly with the walkway. COP was quantiﬁed by
determining the Medial to Lateral Pressure Index (MLPI), normalized to
foot width. Paired samples t-tests were used to evaluate changes in
KAM and foot COP. Spearman correlations were used to evaluate the
association between KAM reduction and medialization of foot COP over
24 weeks with baseline foot kinematics as well as the change in kine-
matics after 24 weeks of wearing ﬂexible shoes.
Results: 28 participants were evaluated (mean age 59± 7 years, 21
women). At 24 weeks, the KAM in the ﬂexible shoe was reduced
compared with their own shoes (2.88± 0.99 vs 2.73± 0.81%BW*Ht,
p¼ 0.030). Overall there did not appear to be signiﬁcant medialization
in foot COP and medialization was not related to KAM reduction.
Reduction in KAM after 24 weeks was directly associated with overall
range from foot supination to pronation during barefoot walking at
baseline (rho¼ 0.426, p¼ 0.024) and ﬂatter foot as measured by max-
imal medial arch angle after 24 weeks of wearing ﬂexible shoes
(rho¼ 0.472, p¼ 0.023). Medialization in foot COP after 24 weeks was
directly associated with more maximal forefoot supination during
barefoot walking at baseline (rho¼ 0.405,p¼ 0.036) and more rearfoot
eversion by 24 weeks (rho¼ 0.506, p¼ 0.012).
Conclusions: These results suggest that ankle and foot kinematic fac-
tors rather than medialization of foot COP are responsible for reducing
medial knee loading with ﬂexible footwear. Overall foot mobility during
walking, in particular forefoot supination and pronation as well as
lowermedial arch by 24weeks was associatedwith greater medial knee
load reduction with use of ﬂexible footwear. In contrast, medialization
of foot COP alone did not affect medial knee loading. Other related foot
kinematic variables including extent of forefoot supination and more
rearfoot eversion were related to medialization in foot COP. This study
demonstrates that dynamic foot kinematics are related to knee loading
responses and plantar pressure changes with use of ﬂexible footwear.
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Purpose: The aim of the study is to investigate, as a discovery phase, if
3D knee kinematics assessment parameters can serve as burden of
disease biomarkers, as deﬁned in the Burden of Disease, Investigative,
Prognostic, Efﬁcacy of Intervention and Diagnostic classiﬁcation
scheme for osteoarthritis (OA). These biomarkers consist of a set of
biomechanical parameters discerned from 3D knee kinematic patterns,
namely, ﬂexion/extension (Flex/Ext), abduction/adduction (Abd/Add),
and tibial internal/external rotation (Int/Ext rotation) measurements,
during gait recording.
Methods: 100 patients with knee OA diagnosed according to clinical
and radiographic criteria deﬁned by Altman et al. participated in this
study. Participants were classiﬁed in terms of radiographic OA disease
severity according to the Kellgren and Lawrence (KL) scaling system
(grades 0 to 4). They were categorized as follows: 25 grade 1 (KL1), 25
grade 2 (KL2), 25 grade 3 (KL3), and 25 grade 4 (KL4). Three-dimen-
sional (3D) knee kinematics data (Flex/Ext, Abd/Add and Int/Ext rota-
tion), from the sagittal, frontal and transverse planes respectively, were
recorded while each participant walked on a treadmill at a self-selected,
comfortable speed. KneeKGTM, a knee marker attachment system
designed to reduce skin-motion artifacts, was installed on participants’
knees to record 3D kinematics during gait trials. A set of 70 bio-
mechanical parameters of interest was then extracted from these 3D
kinematic patterns for data analysis. Kinematic parameters that would
act as biomarkers were identiﬁed by incremental selection on a
regression tree determining the best set of biomechanical parameters
(among the 70 parameters) for each severity grading biomarker. Three
selection treeswere needed to deﬁne burden of disease biomarkers. The
ﬁrst consisted of a selection tree classifying OA patients into 2 main
groups: moderate OA grades (regrouping KL1 and KL2 together (KL1-2))
and severe OA grades (regrouping KL3 and KL4 grades together (KL3-
4)). The other 2 selection trees were developed to subdivide moderate
OA (KL1-2) and severe OA groups (KL3-4) to obtain 4 separate grades
(KL1 to KL4). Biomarker effectiveness was evaluated by receiver oper-
ating characteristic curve analysis, namely, the area under the curve
(AUC), sensitivity and speciﬁcity.
Results: Three selection trees identiﬁed burden of disease biomarkers.
The ﬁrst, consisting of an intermediate tree, separated moderate grade
OA (KL1 and KL2 grades) from severe grade OA (KL3 and KL4). A set of 4
parameters was extracted for discrimination: ﬂexion angle at the end of
the stance phase, Int/Ext rotation angle at initial contact, total ROM
(range of motion), and Abd/Add maximum angle during the swing
phase. The performance of the intermediate selection tree, which
classiﬁed OA severity in 1 of 2 groups (KL1-2 and KL3-4), was 86% for
the AUC.
To discriminate KL1 from KL2 grades, the second selection tree identi-
ﬁed and used 4 kinematic parameters : Int/Ext rotation angle at initial
contact, ﬂexion angle at the end of the stance phase, Abd/Add angle at
the end of the loading phase and ROM at Int/Ext rotation. The per-
formance of this biomarker (set of 4 kinematic parameters) was 88.2%
for the AUC, 91.6% for sensitivity and 85.1% for speciﬁcity.
The last set consisted of 3 kinematic parameters acting as biomarker to
discriminate KL3 from KL4 subjects: Int/Ext rotation angle at initial
contact, Abd/Add angle at the end of the loading phase and ROM.
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Biomarker performance was 88% for the AUC, 84% for sensitivity and
92% for speciﬁcity.
Conclusions: The results demonstrate, as part of a discovery phase, that
sets of 3D knee kinematic parameters have the potential to serve as
burden of disease biomarkers of knee OA. The biomarkers and their
respective trees were further investigated to predict the grade severity
of knee OA.
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A SUBJECT-SPECIFIC ANALYSIS FRAMEWORK TO INVESTIGATE GAIT
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Purpose: Lateral wedged insoles (LWI) and gait modiﬁcation techni-
ques are common conservative intervention strategies altering gait in
expectation of reducing knee joint loading (medial compartment) for
individuals with Knee Osteoarthritis (KOA). The effectiveness of LWI
remains contradictory. Some have hypothesized that the inconsistency
of results is associated with the presence of different subgroups in the
KOA population. Gait modiﬁcations (toe-in, toe-out, and step width)
have proven effective at reducing the external loading of the knee.
However, there is a lack of knowledge about the effectiveness of these
patterns in terms of internal knee parameters. Here we present the
groundwork to develop subject-speciﬁc musculoskeletal (MS) models
which allow researchers to examine the immediate effects of gait
alterations on detailed knee joint mechanics.
Methods: MRI sequences were taken of the detailed knee (based on OAI
protocol) and full lower limbs. A subject-speciﬁc (SS) musculoskeletal
(MS) model was developed in AnyBody Modeling System (AMS) using
advanced morphing methods to customize a generic cadaver-based
model with respect to SSmorphology acquired fromMRI scans. Subject-
speciﬁc lower limb joint centers were deﬁned using analytical joint
ﬁtting methods based on the SS full lower limb bone geometry. In this
initial study, the tibiofemoral and patellofemoral joints were modeled
as simple hinge joints. A static motion capture trial was used to scale the
remaining upper body segments following linear scaling laws. Inverse
kinematics were used to track the motion capture marker trajectories
corresponding to MRI markers. Inverse dynamics were performed on
subject-speciﬁc motion capture data of normal gait (Figure 2), medial
knees, toe in 10", toe out 10" with wider stance, 5" LWI, and 10" LWI
trials. Moment arms were calculated from the origin of the tibia ana-
tomical reference frame in order to determine knee compartment
compressive forces.
Results: Medial tibia compartment compressive forces are presented in
Figure 2 for the control and gait alteration trial sets. Overall the gait
alterations we introduced each resulted in a decreased medial com-
pressive force at the beginning of stance phase during the gait cycle.
However, the ‘toe in’ gait modiﬁcation maintained a decrease in medial
compressive loading throughout the stance phase. While the ‘medial
knee’ gait modiﬁcation increased the medial compressive force directly
after the ﬁrst peak and continued to increase throughout the second
peak. Finally, both the 5" and 10" LWI decrease the force present in the
medial compartment through most of the stance phase. It is interesting
to note that the 10" LWI has a greater inﬂuence on the decreased load
during heal strike, while the 5" LWI during throughout toe-off.
Figure 1. Ground reaction force at stance phase for shod gait.
Figure 2. Medial compressive force [N] associated with gait alterations
(black¼ shod, red¼med-knees, blue¼ toe in, green¼ toe out wide
stance, purple¼ 5" LWI, and orange¼ 10" LWI) with ± SD corresponding
transparent color).
Conclusions: Our ﬁndings suggest that a subject-speciﬁc MS model
derived from the proposed analysis framework is robust enough to
investigate the effect of gait alterations on knee joint loading. This
particular subject would beneﬁt most from the toe-in gait modiﬁcation
andwould be best to avoidwalking withmedial knees positioned closer
together. Future work will expand on knee joint complexity and
investigate what effect gait alterations (LWI and gait modiﬁcation
techniques) have on internal knee parameters in different subgroups of
the KOA population. Furthermore, tailored treatments through opti-
mization methods for individuals suffering from KOA will be derived
from this initial subject-speciﬁc analysis framework.
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Purpose: In order to clarify knee kinematics under weight-bearing
activity affected by several mechanical factors with progression of knee
Sets of parameters retained as burden of disease biomarkers
Groups Set of parameters retained as burden of disease biomarkers
KL1-2/KL3-
4
# Flexion angle at the end of the stance phase
# ROM of Int/Ext rotation
# Maximum of the Abd/Add angle during swing
phase
# Int/Ext rotation angle at initial contact
KL1/KL2 # Int/Ext rotation angle at initial contact
# Flexion angle at the end of stance phase
# Abd/Add angle at the end of the loading phase
# ROM of the Int/Ext rotation.
KL3/KL4 # Int/Ext rotation angle at initial contact
# Abd/Add. angle at the end of the loading phase
# ROM of the Abd/Add angle
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